Abstract: By using adaptive optics imaging and tracking, we demonstrate repeatable color percepts ensuing from the same microscopic location in the retina. Testing vision on such cellular scales will advance understanding of retinal processing and diseases.
Introduction
The study of retinal circuitry is central to understanding spatial and color vision, deciphering the mechanisms of retinal disease and designing suitable retinal prosthetics. The microscopic access to the retina in vivo is diluted by the eye's optical imperfections and ubiquitous eye motion. Adaptive optics (AO) technology, when applied to imaging and psychophysics, allows bypassing the eye's optical imperfections to resolve and stimulate single cells in the living retina [1] [2] [3] . For instance, Hofer et al. [4] measured color percepts by delivering AO corrected cone-sized stimuli on the retina, where subjects used nine hue categories to report their perception. Using a Bayesian model to interpret these color percepts on the basis of natural image statistics and a hypothetical trichromatic cone mosaic, Brainard et al. [5] suggested that the percepts ensuing from a cone depend not only on its spectral type but also the spectral types of its neighbors. However due to eye motion, it was not possible to repeatedly target the same location on the retina in these experiments. Furthermore, due to transverse chromatic offsets between the imaging and stimulation wavelengths, the exact targeted stimulus location could not be retrieved. The problem of eye motion can be alleviated by incorporating sophisticated high-speed retinal tracking in an AO apparatus [6, 7] . Recent work by Harmening et al. [8] has demonstrated an image-based method of measuring for the shifts of the different wavelengths on the retina, so that the light delivery can be adjusted accordingly to stimulate the retinal region of interest. Using these methods, we are now closer to repeated delivery of accurate light stimulation to single input units of the retinal circuit and measure its effect on downstream visual processing pathways and perception. Here, we demonstrate the utility of an AO device to measure the color percepts arising from repeated stimulation of single retinal photoreceptors.
Methods

Adaptive Optics Scanning Laser Ophthalmoscope: Retinal Imaging and Tracking
A scanning laser ophthalmoscope (SLO) equipped with AO and retinal tracking was designed and built to facilitate simultaneous retinal imaging and eye-motion compensation [9] . Wavelengths centered at 543 nm and 842 nm were selected from a super-continuum laser source by using narrow band interference filters. Wavefront sensing, AO correction and imaging were performed at 842 nm wavelength, while 543 nm wavelength was used for visible stimulus generation. The former was raster scanned to generate a 1.2 deg. imaging field. The 842 nm light scattered from the retina was collected in a photomultiplier tube via a confocal pinhole and rendered into a continuous highresolution video stream of the retina at 30 Hz. A high-speed image based eye-tracking algorithm was used to estimate retinal motion in real-time and predict the location of the retina ~3 ms in advance [6, 7] . This prediction was used to arm an acousto-optic modulator, allowing the 543 nm wavelength to probe the exact retinal region of interest in each frame. A digital marker was embedded into the retinal image at the same instant the acousto-optic modulator was armed, allowing the targeted location to be recovered a posteriori from the images.
Vision testing protocol
Color percepts were measured by stimulating the retina with AO-corrected, cone-sized stimuli presented at 543 nm wavelength. The veridical percept would be 'green' in this paradigm if only the stimulus wavelength were mediating the color percepts. To suppress the zero-order leak from the acousto-optic modulator in the system, a bright incandescent white light source was used to form a uniformly illuminated background. The 0.6 arc-min stimulus was presented for 500 ms, randomly interleaved in one of 3 retinal locations at 4 deg eccentricity. After each stimulus presentation, the subject was prompted to report the color percept by choosing one of five categories, from 'red' to 'green' by a keypress. After each response, the subject initiated the next trial by another keypress. Thirty trials per location were tested. In this case, although the longitudinal chromatic aberration was minimized between the two wavelengths, the transverse chromatic offset between imaging and stimulation was not compensated due to inadequate signal-to-noise ratio in the 543 nm imaging channel. However, this represents only a fixed offset in stimulation. This implies that although we could not confirm where exactly the stimulus landed, retinal tracking confirmed that the location of the stimulus remained uniform within trials.
Results
High-speed retinal tracking allowed repeatable targeted stimulation of the three retinal locations. Mean x and y stimulus delivery errors of 0.5 arc-min was measured across trials, confirming that the errors in stimulation lay within the size of a single cone photoreceptor at 4 deg eccentricity. Repeatable color percepts arising from the same retinal location were measured psychophysically as shown in figure 1 . The color of each spot corresponds to the color percepts reported by the subject, while its x,y coordinate represents the relative location where it was delivered on the retina. The histograms show the number of responses reported for each color at the 3 locations. Mean purity of color percepts, calculated as the percentage named either red or green, was 80 ± 3.33 %.
Discussion and Conclusions
We demonstrate the utility of the AOSLO in measuring color percepts ensuing from the same microscopic location in the human retina. Previously, Hofer et al. [4] have measured color percepts by delivering AO-corrected stimuli to the retina, albeit without uniformity in locations and knowledge of which cone was stimulated across trials. Here, we have harnessed eye-tracking advantages of the device to probe the same retinal location from trial to trial repeatedly. However, because the transverse chromatic offsets remained uncorrected, we were unable to pinpoint the identity of the stimulated cone. Efforts are underway to improve the signal arising from the 543 nm imaging channel to mitigate Figure 1 : Single cone color naming. A) Circular stimuli at 543 nm wavelength and measuring 0.6 arc-min in diameter were delivered to 3 retinal locations at 4 deg eccentricity and subjects were asked to report their color percepts. 30 trials per location were tested. The color of each spot corresponds to the color percepts reported by the subject, while its x,y coordinate represents the relative location where it was delivered on the retina. Note that the shown location does not correspond to the actual cones that were stimulated in the experiment. B) Histograms show the number of responses reported for each color at the 3 locations.
this issue and gain knowledge of which exact cone was stimulated. Eventually, by combining the spectral identity of cones and their perceptual signatures, we will be closer to addressing the gaps in our understanding of how the interleaved trichromatic cone mosaic and post-receptoral pathways mediate color vision. For instance, Brainard et al. [5] hypothized that the color percept originating from a cone should strongly depend on the spectral characteristics of its neighboring cone environment. The basis for this hypothesis laid in either plastic color vision mechanisms altered in response to the environment or local cone interactions leading to a characteristic receptive field center/surround organization. The methodology presented here is ideally positioned to investigate this hypothesis. Furthermore, the ability to conduct functional vision testing on such cellular scales offers a powerful avenue to unravel the circuitry between visual perception and individual photoreceptors in the living human eye. This will not only advance fundamental understanding of normal retinal processing, but enable markers of structural and functional abnormalities in retinal disease.
